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ABSTRACT 


This thesis evaluates several techniques for extrapolating full scale resistance 
of SLICE hulls from model test data. Using Froude's hypothesis, the ITTC and 
Hughes methods are employed to analyze single length and fragmented wetted 
surface area procedures. Finally, a hybrid procedure analyzing the struts as wing 
shapes and the pods as full hull forms is endeavored. It is shown that the classical 
Froude method severely overestimates the resistance of a SLICE hull. All approaches 
predict higher total resistances than Lockheed's own analysis, which is based on a 
variation of Hughes method. This thesis predicts that speeds of greater than thirty 


knots are achievable with the primary engine choice. 
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INTRODUCTION 


In the development of new vehicles, resistance 
minimization is a primary design focus since the propelling 
force must match this drag. In general, less resistance 
permits higher speeds and decreases fuel consumption for the 
same propulsion plant. Surface ships are exposed to two 
mediums: air and water. This thesis focuses on the 

subsurface resistances of the SLICE ATD (Advanced Technology 
Demonstration), shown in Figure 1.1. 



Figure 1.1. The SLICE configuration (Lockheed, 1994) . 


The SLICE concept was developed from the SWATH hull. A 
comparison of Figures 1.1 and 1.2 reveals the difference 
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between the two hull forms. Essentially, the SLICE design 
cuts the middle section out of the SWATH's struts and pods. 


_ I ' I 

't ^ ~ ~ 


Figure 1.2. A typical SWATH vessel (Kennell, 1992). 

Two accepted approaches used to extrapolate ship 
resistances from model data are the ITTC and Hughes methods 
(SNAME, 1988). These techniques break up a model resistance 
into subsidiary resistances and employ Reynolds and Froude 
scaling in different ways to predict ship resistance. Both 
procedures were performed on the SLICE model data. 

A classical ITTC model to ship calculation was done 
using a single length approximation. This first guess was 
expected to overestimate the ship resistance since Kennell 
reported that the single length ITTC prediction 
overestimated SWATH resistances (Kennell, 1992) . These 
results provided an upper limit by which other extrapolation 
techniques employed on the SLICE could be compared. 

It was established that the resistance characteristics 
of a SWATH hull differ from those of a full displacement 
monohull (Kennell, 1992). The source of this difference was 




the relationship between the overall length and the wetted 
surface area. Figure 1.3 shows equal displacement ships and 
Kennell documents that SWATH ships have approximately sixty 
percent more wetted surface area than monohulls of the same 
displacement (Kennell, 1992). For the same reason, one 
would expect the resistance characteristics of a SLICE hull 
to differ from those of the monohull. The single length 
procedure uses equivalent flat plates of the prescribed 
length and area for resistance predictions. A monohull may 
be approximated in this manner but SWATH research indicates 
that separate evaluation of struts and pods yields 
predictions which more closely match actual ship data. 



Figure 1.3. Comparison of an equal displacement monohull 
and SWATH (Kennell, 1992) . 

Using the ideas of Kennell, the SLICE wetted surface 
area was divided into strut and pod components (Kennell, 
1992). The ITTC method was applied to extrapolate ship 
resistances and the Hughes method, which by definition, 
predicts smaller ship resistances was also applied to the 
sectioned hull. 



Finally, a hybrid procedure analyzing the struts as 
wing shapes and the pods as full hull forms was developed. 
The hybrid examination results fell in between the ITTC and 
Hughes estimates. 

The Lockheed Missile and Space Company, Inc. designed 
the SLICE and their analysis, also a variation of the Hughes 
method, predicted lower ship resistances than those 
presented here (Lockheed, 1994). Even though the drag is 
larger, this thesis, like Lockheed, anticipates that speeds 
of greater than thirty knots are achievable with the primary 
engine choice, depending on the overall propulsive 
efficiency. 
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II. MODELING OVERVIEW 


A. FROUDE HYPOTHESIS 

By Froude's hypothesis, the total resistance 
coefficient Q is a function of Reynolds Nuinber Rn and 
Froude Nuinber Fn. Additionally, the total resistance 
coefficient may be divided into frictional and residual 
components. The frictional resistance coefficient is a 
function of Reynolds Number only while the residual 
resistance coefficient Cg depends on both the Reynolds 
Number and Froude Number. 

Cr[Rn,Fn)^C,{Rn) + Cj,Rn,Fn) (D 

A further subdivision of the residual resistance 
coefficient is possible by understanding that the wave 
making resistance coefficient is included in the 

residual resistance coefficient. What remains of the 
residual resistance coefficient is the form drag coefficient 
^FORM- wave making resistance coefficient is a function 

of the Froude Number only and the form drag coefficient is 
constant for geometrically similar hulls. 

Q(/?«, Fn) = (Fn) + ^ ^ 

Therefore, the total resistance coefficient is given by 
the following equation. 
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Cj.{Rn,Fn) = C^(Rn) + C„jFn) + Q 


(3) 


A correlation allowance is added to the ship 
frictional and ship residual coefficients to give the ship 
total resistance coefficient. Figure 2.1 shows a general 
division of the model and ship resistance coefficients. 



Figure 2.1. Model and ship resistance coefficients versus 
Reynolds Number (Gilmer and Johnson, 1982). 

B. ITTC METHOD 

The ITTC Method follows Froude's hypothesis for the 
total resistance coefficient. It proposes an equation that 
produces a curve on the resistance coefficient versus 
Reynolds Number plot which represents the portion of the 
total coefficient due to friction as 



0.075 


(4) 


^ (log,„/?n-2)' 

The ITTC method maintains the concept that the residual 
resistance coefficient is comprised of the wave making 
resistance and form drag components. The wave making 
resistance coefficient is dependent upon the Froude Number. 
For Froude scaling, the model and ship have the same Froude 
Numbers. Therefore, for a given Froude Number the model 
wave making resistance coefficient is equal to the ship wave 
making coefficient. Since the form drag coefficient is 
constant for geometrically similar vessels, the wave making 
and form drag coefficients can be analyzed at each Froude 
Number as a constant sum known as the residual resistance 
coefficient. 


C^[Rn,Fn) = ( Fn) + (- 

In this way, an estimate of the ship total resistance 
coefficient may be derived from model test tank 
measurements. The component breakdown of the total 
resistance coefficient for the ITTC method is shown in 
Figure 2.2. In summary, the total resistance coefficient 
for the ITTC method is given by the following equation. 


Cr{Rn,Fn) = C,{Rn) + Cj^Rn,Fn) 


(6) 




C. HUGHES METHOD 

The Hughes method suggests a variation on Froude's 
hypothesis and modifies the friction coefficient curve. The 
analysis suggests that the frictional resistance and form 
drag are due to viscous effects and are therefore both a 
function of Reynolds Number. As plotted on Figure 2.3, the 
Hughes curve equation for the frictional resistance 
coefficientCfj) is 

C 0-066 (7) 

™“(log.o/?n-2.03)' 
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The analysis proposes that the form drag coefficient 
can be related to the frictional resistance coefficient 
curve by some constant T|. 

^FORM ^ CfgiRn) ( 8 > 

By multiplying the frictional resistance coefficient by 
a form factor r, the form drag and frictional resistance 
components are combined into a single Reynolds dependent 
term. At low Froude Numbers the wave making resistance is 
negligible and therefore at a low speed the following holds: 

C^[Rn, Fn) = C,g{Rn) + {Rn) + C^^iFn) (9 '> 

Cr{Rn,Fn]={\ + r])C,o{Rn) dO) 

Cr{Rn,Fn) = rC,o(Rn) dD 

In this way, the form factor may be found for the hull 
shape. The form factor is constant for geometrically 
similar hulls. In general, the total resistance coefficient 
may be written in the form 

Cr{Rn,Fn) = rC,o{Rn) + C^„{Fn) ( 12 ) 

The component breakdown of the total resistance 
coefficient is shown in Figure 2.3. The residual resistance 



coefficient for the Hughes method is a function of both the 
Reynolds Number and the Froude Number. 


C^iRn, Fn) = C^jFn) + C^g^^iRn) 


(13) 



Reynolds Nuniber 


Figure 2.3. Total resistance coefficient versus Reynolds 
Number for the Hughes analysis. 


D. MODIFIED HUGHES METHOD 

A further investigation was developed in which the 
struts were evaluated as wing sections. By this premise, 
one may consider the total drag attributed to the struts as 
equivalent to the drag of a geometrically similar wing 
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nape. Using Figure 2.4, 
xtracted. 


wing drag coefficient 



NACA 0012-64 Wing Section (jConlinuedi 

Figure 2.4. Section drag coefficient versus sectio 
oefficient for a NACA 0012-64 wing section (Abbott 


Doenhoff, 1959). 










This wing drag coefficient however does not account for 
the effects of wave making resistance. Therefore, a wave 
making term must be added to account for its absence. 

( Rn, Fn) = ( Rn) + (Fn) (1 ^) 

Applying the Froude analysis to the strut total 
resistance coefficient, the following may be written for the 
strut total drag coefficient. 

( Rn, Fn) = (F«) + ( Fn) + (15) 

By assuming that at low Froude Numbers, in other words 
low speeds, the wave making resistance is negligible, the 
wing drag coefficient is equivalent to the strut total drag 
coefficient. This allows the strut form drag coefficient to 
be obtained by subtracting the strut frictional resistance 
coefficient from the strut total drag coefficient. 

Because the wetted surface area was fragmented, the 
resistances, not the coefficients, were be used to 
arithmetically account for all effects. Once the portion of 
the form drag attributed to the struts was known, the pod 
form drag was calculated by subtracting the strut 
contribution from the overall form drag found in the Hughes 
analysis. 


(16) 
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Due to the shape of the pods (oblong / aspect ratio) 
the form drag coefficient of the pods were considered 
functions of Reynolds Number and were therefore Reynolds 
scaled according to the Hughes method. The strut was 
approximated by a flat plat in turbulent flow with a 
constant form drag coefficient. Therefore, it is 
appropriate to separate the strut and pod form coefficients 
for the model to ship scaling process. 

iRn,Fn) = ri {Rn) (17) 

CpoRMs^^^onst (18) 

The component breakdown of the total resistance 
coefficient is shown in Figure 2.5. Computationally, the 
separate resistance coefficients were found from their 
respective resistances in the following equation. 

R^{Rn,Fn) = R.g^^^ ( Rn) + R^orm,^ ( Rn) + R„^ ( Fn) + Rform„„ * ^^ ^ 


The residual resistance coefficient for the Hughes 
method is a function of both the Reynolds Number and the 
Froude Number and was found from the summed residual 
resistance. 


R^[Rn,Fn) = R„^{Fn) + Rrorm,^ (««) + Rform, 


( 20 ) 
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Figure 2.5. Total resistance coefficient versus Reynolds 
Number for the modified Hughes method. 


In essence, the Hughes method has been modified such 
that the portion of the form drag attributed to the pods was 
reduced in the transfer from model to ship by Reynolds 
scaling while the strut portion was Froude scaled. An 
equivalent Hughes coefficient, found from an 

equivalent resistance 


was multiplied by the form factor r, to raise this 
equivalent Hughes curve to the desired value of the total 
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resistance coefficient specified by the Hughes Method. 
Alternatively, the same form factor would be found by 
raising the original Hughes curve to a value equal to the 
total resistance coefficient minus an equivalent strut form 
drag coefficient. 


15 



16 



III. WETTED SURFACE AREA AND METHOD CALCULATIONS 


A. DETERMINATION OF THE WETTED SURFACE AREA 

The wetted surface area of the SLICE hull was 
calculated from the Lockheed ship drawings Pl-100-01 dated 
13 December 1994. The waterline used was 14 feet (Lockheed, 
1994). For calculation of the wetted surface area the hull 
was cut into numerous sections for easier analysis. Figures 
3.1 through 3.4 show how the submerged hull was subdivided. 
Where separate calculated surface areas overlapped, 
appropriate area values were subtracted form the total. 

1. Wetted Surface Area One 

Wetted surface area One consisted of the forward angled 
piece delineated in Figure 3.1 and was calculated using 
triangular geometry. The calculations are provided in 
Appendix A. The vertical depths were taken from the ship 
drawings (Lockheed, 1994) and the horizontal distances from 
the strut centerline for each station were calculated by 
geometry. The shortened surface chord length from stations 
0 to 3, due to the intersection with the wing part of the 
strut, was accounted for by decreasing the horizontal 
distance from the centerline. The angle between centerline 
and surface intersection with DWL was constant at 8.1 
degrees. The Simpson Rule was used to calculate the wetted 
surface area of one side of one piece by connecting the 
surface chords. Therefore, the total wetted surface area of 
the two forward angled pieces was four times the calculated 
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area of one side. To ensure accuracy, a trapezoidal rule 
calculation was also done. 


I Wetted Surface Area Two ] | Wetted Surface Area One 



Figure 3.1. Wetted Surface Areas One and Two (Lockheed, 
1994) . 


2. Wetted Surface Area Two 

Wetted surface area Two consisted of the aft angled 
piece, delineated in Figure 3.1. The same procedure used to 
find area One was used to find area Two and the calculations 
are provided in Appendix A. Because the aft connections are 
different from the forward connections, the areas for the 
forward pods and the aft pods are distinct. 

3. Wetted Surface Area Three 

Area Three is the segment of the forward strut portion 
which is wing shaped as shown in Figure 3.2. It encompasses 
the surface from the DWL to the fillet which connects the 
strut to the pod. Depth measurements were taken off SHIP 
drawings (Lockheed, 1994) and the Simpson Rule was used to 
calculate surface area. To ensure accuracy, a trapezoidal 
rule calculation was also done. Calculations are provided 
in Appendix A. 
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Figure 3.2. Wetted Surface Areas Three and Four (Lockheed, 
1994). 


4. Wetted Surface Area Four 

Area Four is the segment of the aft strut portion which 
is wing shaped as shown in Figure 3.2. The same procedure 
used to find area Three was used to find area Four and the 
calculations are provided in Appendix A. Because the aft 
struts connect to the aft pods in a geometrically different 
way than the forward struts and pods, the fore and aft areas 
are different. 

5. Wetted Surface Area Five 

Area Five is the forward fillet, outlined in Figure 3.3 
and consists of that part of the wetted surface which 
attaches the forward struts to the forward pods. The ship 
drawings (Lockheed, 1994) provided measurements to the upper 
and lower coordinates at ship stations. Surface chord 
lengths between these two points were calculated and the 
Simpson Rule was used to calculate the surface area. To 
ensure accuracy, a trapezoidal rule calculation was also 
done. The calculations are provided in Appendix A. 
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Figure 3.3. Wetted Surface Areas Five and Six (Lockheed, 
1994) . 


6. Wetted Surface Area Six 

Area Six is the aft fillet, outlined in Figure 3.3, 
corresponds to area Five of the forward hull. The surface 
was calculated the same way as the forward fillet but due to 
different for and aft connections, the areas for the forward 
segment and the aft segment are distinct. The calculations 
are provided in Appendix A. 

7. Wetted Surface Area Seven 

Wetted surface area Seven is the forward pod, outlined 
in Figure 3.4. Using cylindrical geometry, circumferences 
were calculated at each station. At stations where the pods 
connected to the struts and fillets, an appropriate arc 
lengths was subtracted from the circumference. The Simpson 
Rule was used to calculate surface area and a trapezoidal 
rule was done as a check. As expected the Trapezoidal rule 
supplied a smaller value since the nose section's surface is 
curved between stations rather than flat. The calculations 
are provided in Appendix A. 
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I Wetted Surface Area Eight] | Wetted Surface Area SeveiTI 
Figure 3.4. Wetted Surface Areas Seven and Eight (Lockheed, 


1994). 

8. Wetted Surface Area Eight 

Figure 3.4 shows wetted surface area Eight which was 
calculated in the same manner as the forward pod. As 
before, the aft results differ form the forward ones because 
the aft connections are different from the forward 
connections. The calculations are provided in Appendix A. 

B. ITTC PROCEDURE ON A SINGLE LENGTH 

The model velocities and model Froude Numbers Fn„ 
were taken from the Lockheed test tank data. (Lockheed, 
1994) The desired range of ship velocities Vj was from 5 to 
40 knots. By Froude scaling, the model Froude Number Fn^ 
is equal to the ship Froude Number Fn^ and with a scaling 
factor A, equal to 8, the model velocities were set by the 
following relationship. 
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(22) 


Lockheed ship drawings were used to establish a ship 
wetted surface area 5^ as described in the wetted surface 
area calculation chapter and the model wetted surface area 
was calculated by relating the ship wetted surface area 
and the scale factor X appropriately. 




A' 


(23) 


The model total drag Rj. provided by the Lockheed 
towing test, was the force required to move the model 
through the towing tank over the desired range of 
velocities. From the model total drag values, model total 
drag coefficients Cj^ were found. The test tank fluid 
density p*, was taken to be for fresh water at 68°F or 20°C. 

(24) 

“1,32.174 J 

Rr (25) 

Cj =7---T 


Equivalent model lengths were calculated from the 

model Froude Numbers and model velocities where g is 
standard gravity. The twenty percent trim mean was taken as 
an average equivalent model length and used for all 
subsequent calculations. 
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( 26 ) 




vl 

gPn^M 


(27) 


Reynolds Numbers were calculated based on the average 
equivalent model length and model velocities. These model 
Reynolds Numbers/?«„ have no true relation to the actual 
geometry of the model, they are only representations of flow 
over a flat plate of equivalent frictional length. The test 
tank fluid kinematic viscosity v„ was taken to be for fresh 
water at 68°F or 20°C. 




Using the ITTC equation, a value for the overall model 
frictional coefficient was found and using this 
coefficient, a corresponding model frictional resistance Rp 
was calculated. 


C 0.075 (30) 

(logio^«M-2)^ 
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The model residual resistance coefficient is what 

remains of the model total resistance coefficient once the 
model frictional resistance coefficient is subtracted from 
it. The residual resistance is mostly due to wave making 
resistance and these were considered equivalent. Since the 
model wave making resistance coefficient is Froude scaled, 
it is equal to the ship wave making coefficient . 


The model residual resistance , equivalent to the 

model wave making resistance Rwm„ < calculated from the 

model residual resistance coefficient. 

(2 PmSmK ) = ^ ’ 

For the ship calculations, the ship velocities and 
an equivalent ship length were calculated'using Froude 

scale factor relationships. Again by Froude similarity, the 
ship Froude Number matches the model Froude Number for 
corresponding speeds. 


V,=VIv„ <34) 

= ( 35 ) 
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Using the ship velocities and the equivalent ship 
length, equivalent ship Reynolds Numbers Rn^ were found and 
used to calculate ship frictional resistance coefficients 
Cp . A corresponding value of the ship frictional 
resistance was found. The test tank fluid kinematic 
viscosity and fluid density are for sea water at 

59°F or 15°C. This is the standardized temperature for ship 
resistance calculations (SNAME, 1988). 

V, =1.27908x10“’ — 

5 

'^64.042 
"" 1,32.174 J 

^ 0.075 

(log,o/?nj-2)' 

since the SLICE hull is similar to the SWATH hull, a 
correlation allowance of 0.0005 was used. Based on 
research this value is most appropriate for SWATH vessels 
(Kennell, 1992). It is noted that Lockheed also used a 
correlation allowance of 0.0005 in their analysis (Lockheed, 
1994). By Froude scaling, the ship wave making resistance 


(36) 


(37) 


(38) 


(39) 


(40) 
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coefficient equals the model wave making resistance 

coefficient at corresponding velocities. Therefore, the 
ship total resistance coefficient was found and using 
this coefficient, a ship total resistance was resolved. 

(41) 

RT,=Cr^{lPsSsVs) 


The ship residual resistance coefficient was the 
remainder of the model total resistance coefficient once the 
ship frictional resistance and allowance coefficient were 
subtracted from it. As with the model, the residual 
resistance was analogous to the wave making resistance. A 
residual resistance was also calculated. 

Ck, = -C,^-C^) = > 

C. ITTC PROCEDURE ON A SECTIONALIZED HULL 

The same values for model velocities V„, model Froude 
Numbers Fn^, scaling factor X, model wetted surface area S^, 
model total drag Rj. , and model total drag coefficients Cj.^ 
were used. As in the previous analysis, the test tank fluid 
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density and fluid kinematic viscosity v,^ were taken to 
be for fresh water at 68°F or 20°C. 

Ship lengths for each pod and strut section were 
taken from the ship drawings (Lockheed, 1994) and the 
proportional model lengths were found. Then, Reynolds 
Numbers were calculated for each of the model sections. 
These model Reynolds Numbers Rrii^ represent values for flow 
over a flat plate of equivalent frictional length. 



Using the ITTC equation, a value for the section's 
model frictional coefficient was found. 

^ 0.075 (46) 

~ (log,2)' 

From the ITTC model frictional coefficients, 
corresponding model frictional resistances were 
calculated for each section and then summed together to form 
an overall model frictional resistance. 




PmS.K) 


(47) 


Rj. = Rp n = number of sec lions 


(48) 
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Once an overall frictional resistance was found, an 
equivalent frictional resistance coefficient was found 

and from that an equivalent Reynolds Number and 

equivalent length were calculated. 

R, (49) 

Cp =T, -TT 



The model residual resistance coefficient is what 

remains of the model total resistance coefficient once the 
model frictional resistance coefficient is subtracted from 
it. The residual resistance is mostly due to wave making 
resistance and these were considered equivalent. Since the 
model wave making resistance coefficient is Froude 

scaled, it is equal to the ship wave making coefficient 


The model residual resistance , equivalent to the 
model wave making resistance > was calculated from the 

model residual resistance coefficient. 
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( 53 ) 




The same ship velocities V)., ship Froude Numbers Fn^ 
and ship wetted surface area for the ITTC method were 
used in these calculations. As before, the ship fluid 
density and fluid kinematic viscosity were taken to be 
for sea water at 59°F or 15°C. 

Ship lengths Lj for each pod and strut section were 
taken from the ship drawings (Lockheed, 1994) and used to 
calculate Reynolds Numbers. These ship Reynolds Numbers Rn^ 
represent values for flow over a flat plate of equivalent 
frictional length. 


VsLs 


(54) 


Using the ITTC equation, a value for the ship section's 
frictional coefficient was found. 

^ 0.075 (55) 

(log,o Rn^ - if 

From the ship section's ITTC frictional coefficients, 
corresponding ship frictional resistances R^^ were 
calculated for each section and these were summed together 
to form an overall ship frictional resistance. 
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= number of sections 


( 57 ) 


Once an overall frictional resistance was found, an 
equivalent ship frictional resistance coefficient was 

found and from that an equivalent ship Reynolds Number 
and equivalent ship length were calculated. 





The correlation allowance was taken to be 0.0005, 
and the ship wave making resistance coefficient was 

taken to be equal to the model wave making resistance 
coefficient at corresponding velocities. Therefore, the 
ship total resistance coefficient Q^was found and using 
this coefficient, a ship total resistance Rj^ was resolved. 

Rt.^C^MPs^sVs) 
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The ship residual resistance coefficient was the 
remainder of the model total resistance coefficient once the 
ship frictional resistance and allowance coefficients were 
subtracted from it. As with the model, the residual 
resistance was analogous to the wave making resistance. A 
residual resistance was also calculated. 

C., = (63) 

(64) 


D. HUGHES PROCEDUHE ON A SECTIONALIZED HULL 

The values for model velocities model Froude 
Numbers Fn^, scaling factor X, model wetted surface area 5„, 
model total drag , and model total drag coefficients 
were the same as in previous analyses. Again, the test tank 
fluid density and fluid kinematic viscosity were 
taken to be for fresh water at 68°F or 20°C. 

Ship lengths Lj for each pod and strut section were 
taken from the ship drawings (Lockheed, 1994) and the 
proportional model lengths L*, were found. Then, Reynolds 
Numbers were calculated for each model section. These model 
Reynolds Numbers Rn^, represent values for flow over a flat 
plate of equivalent frictional length. 
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( 65 ) 






Using the Hughes equation, a value for each section's 
model frictional coefficient was found. 




0.066 

(logic -2.03)' 


( 66 ) 


From the Hughes model frictional coefficients, 
corresponding model frictional resistances were 

calculated for each section and then summed together to form 
an overall model frictional resistance. 

- S,"-i n = number of sections 


Once an overall frictional resistance was found, an 
equivalent model frictional resistance coefficient C^g^ 
was found and from that an equivalent model Reynolds 
Numberand equivalent model length were 

calculated. 




( 69 ) 
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As explained in Chapter II, the form factor r was found 
by raising the Hughes curve up to the model total resistace 
coefficient at a low speed. Figure 2.3 shows the new curve 
which is the product of multiplying the form factor and the 
Hughes equivalent resistance coefficients The new curve is 
the sum of the model equivalent frictional resistance 
coefficient and the model form drag coefficient. From this, 
the model form drag coefficient and the model form 

drag were found. 

(72) 

The model wave making what remains of the model 

total resistance coefficient once the model frictional 
resistance coefficient and model form drag coefficient are 
subtracted from it. Since the model wave making resistance 
coefficient is Froude scaled, it is equal to the ship wave 
making coefficient ■ 

= (Q„ - ) = (c,„ - r ^ ^ > 
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The model residual resistance , equivalent to the 
model wave making resistance , was calculated from the 

model residual resistance coefficient by the relation: 


The same ship velocities , ship Froude Numbers Fn^ 
and ship wetted surface area for the ITTC method were 
used in these calculations. As before, the ship fluid 
density and fluid kinematic viscosity were taken to be 
for sea water at 59°F or 15°C. 

Ship lengths for each pod and strut section were 
taken from the ship drawings (Lockheed, 1994) and used to 
calculate Reynolds Numbers. These ship Reynolds Numbers Rn^ 
represent values for flow over a flat plate of equivalent 
frictional length. 


Rn, 


(76) 


Using the Hughes equation, a value for the ship 
frictional coefficient was found for each section. 

C 0.066 (77) 

" (log.o Rn, -2.03)' 

From the ship Hughes frictional coefficients, 
corresponding ship frictional resistances R^^g^ were 
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calculated for each section and then summed together to form 
an overall ship frictional resistance. 




(78) 




n = number of sections 


(79) 


Once an overall frictional resistance was found, an 
equivalent ship frictional resistance coefficient was 

found and from that an equivalent ship Reynolds Number Rn^ 
and equivalent ship length were calculated. 


Rfo, (80) 

^{^PsSsVs) 



Multiplying the ship equivalent frictional resistance 
coefficients by the established form factor r yields a new 
curve which is the sum of the ship equivalent frictional 
resistance coefficient and the ship form drag coefficient. 
Therefore the ship form drag coefficient the ship 

form drag Rfqrm^ t)e found. 
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CfORM, =Cro,(^-l) 


( 83 ) 




(84) 


The correlation allowance was taken to be 0.0005, 
and the ship wave making resistance coefficient was 

taken to be equal to the model wave making resistance 
coefficient at corresponding velocities. Therefore, the 
ship total resistance coefficient was found and using 
this coefficient, a ship total resistance Rj was resolved. 




The ship residual resistance coefficient Cg^ was the 
remainder of the model total resistance coefficient once the 
ship frictional resistance and allowance coefficients were 
subtracted from it. The residual resistance Rg includes the 
wave making effects and the form drag. 

-cj = > 
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MODIFIED HUGHES PROCEDURE ON A SECTIONALIZED HULL 


For this analysis, the values for model velocities V^, 
model Froude Numbers , scaling factor X, model wetted 
surface area , model total drag , and model total drag 
coefficients Cj^ were the same as used in the previous 
analyses. Again, the test tank fluid density and fluid 
kinematic viscosity v^, were taken to be for fresh water at 
68°F or 20°C. 

Ship lengths for each pod and strut section were 
taken from the ship drawings (Lockheed, 1994) and the 
proportional model lengths L„ were found. Then, Reynolds 
Numbers were calculated for each model section. These model 
Reynolds Numbers Rn^, represent values for flow over a flat 
plate of equivalent frictional length. 

( 89 ) 


Using the Hughes equation, a value for each section's 
model frictional coefficient C^q was found. 


^_ 0.066 (90) 

(log,o/?n^-2.03)' 

From the Hughes model frictional coefficients, 
corresponding model frictional resistances RfOu '*'®te 
calculated for each section and then summed together to form 
an overall model frictional resistance. 
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( 91 ) 


^Fo„ - ^Fo„ ” = number of sections 


(92) 


Once an overall frictional resistance was found, an 
equivalent model frictional resistance coefficient C^g 
was found and from that an equivalent model Reynolds 
Number/Jn^,^.^ and equivalent model length L„ ^ were 
calculated. 


iip.sX^) 


(93) 



(94) 




Rn^^V^ 


(95) 


Here is the modification to the Hughes Method. Rather 
than consider it as a single term, the form drag was further 
subdivided into strut and pod components. By doing this, 
results from a separate analysis of the strut were 
incorporated into the model research. In particular, the 
struts were investigated as wing shapes whose form drag 
coefficient was a constant. 
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The wing chosen which most closely resembled the struts 
was NACA 0012-64. Using Figure 3.3, a wing drag coefficient 
0.0044 was extracted. The wave making resistance of the 
strut was taken to be negligible at a low Froude Number. 

The Froude Number chosen was where the model total 
resistance coefficient was minimum at low speeds. For a 
Froude Number of Fn=02, the model strut frictional 
resistance coefficient was =0.004120136 and this was 

subtracted from the wing drag coefficient to determine the 
strut form drag coefficient 

= 0.000279864 ( 96) 

The model strut form drag was found using the 

model strut wetted surface area . The strut surface 

area was taken as the sum of wetted surface areas One, Two, 
Three, Four, Five, and Six. 


Then the model frictional resistance and the model 
strut form drag were added together to find a single 
equivalent coefficient which could then be multiplied 

by the form factor r to raise the Hughes curve to the model 
total at low Froude Numbers. 




(98) 
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( 99 ) 


The difference between the value multiplied by the form 
factor and the premultiplied value was set equal to the 
model pod form drag ■ The corresponding model pod 

from drag coefficient was calculated using the model 

pod wetted surface area . The pod wetted surface area 

was taken as the sum of wetted surface areas Seven and 
Eight. 


RpORM,^„ ( 101 ) 

The total model form drag was the strut form drag plus 
the pod form drag and using the entire model wetted surface 
area a model form drag coefficient was calculated. 

RfORMp = RfORM,^^ + ^FORMp^„ (102) 

( 103 ) 

(4 P„s.vi) 

The model wave making found by subtracting the 

model frictional resistance coefficient and model form drag 
coefficient from the model total resistance coefficient. 
Since the model wave making resistance coefficient is Froude 
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The model residual resistance coefficient is what 
remains of the model total resistance coefficient once the 
equivalent model frictional resistance coefficient is 
subtracted from it. The model residual resistance R„ 
includes the wave making resistance and the form drag. 






The same ship velocities Vj, ship Froude Numbers Fn^ 
and ship wetted surface area for the ITTC method were 
used in these calculations. As before, the ship fluid 
density and fluid kinematic viscosity were taken to be 
for sea water at 59“F or 15°C. 

Ship lengths Lj for each pod and strut section were 
taken from the ship drawings (Lockheed, 1994) and used to 
calculate Reynolds Numbers. These ship Reynolds Numbers Rn^ 
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represent values for flow over a flat plate of equivalent 
frictional length. 


Rn, 




(108) 


Using the Hughes equation, a value for the ship 
frictional coefficient C^g was found for each section. 

^ 0.066 (109) 

(log,o/?n^-2.03)' 

From the ship Hughes frictional coefficients, 
corresponding ship frictional resistances Rfg were 
calculated for each section and then summed together to form 
an overall ship frictional resistance. 


Rfo^ =^.^,Rfo^ n —number of sections 


( 111 ) 


Once an overall frictional resistance was found, an 
equivalent ship frictional resistance coefficient Cpg^ was 
found and from that an equivalent ship Reynolds Number Rn^^,^ 
and equivalent ship length were calculated. 

R,o ( 112 ) 

Cro, ^ 
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(113) 







(114) 


Since the strut form drag coefficient was taken 

as constant, the ship strut form drag found 

using the ship strut wetted surface area . 

(t PsSs,mVs] * ^ ^ ^ 


Then the ship frictional resistance and the ship strut 
form drag were added together to find a single equivalent 
coefficient which was multiplied by the form factor r 

to raise the Hughes curve. 


{^PsSsvn 


The difference between the value multiplied by the form 
factor and the premultiplied value was set equal to the ship 
pod form drag Rf,,^ . The corresponding ship pod from drag 
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coefficient C, 


was calculated using the ship pod wetted 


rface area Sp 


The total ship form drag was the strut form drag 

plus the pod form drag and using the entire ship wetted 
surface area, a ship form drag coefficient was found. 

= ^FORU,r.s ( 120 ) 

Rfokm, ( 121 ) 

"(ipAV/) 


Since the wave making resistance coefficient is Froude 
scaled, the ship wave making resistance coefficient is 

equal to the model wave making coefficient • The 

corresponding ship wave making resistance R ^^^, was then 
Cfuantif ied. 




(122) 




(123) 
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with a correlation allowance of 0.0005, the ship 
total resistance coefficient was found and using this 
coefficient, the ship total resistance was resolved. 


(124) 


Rn =CtMPsSsVs") 


(125) 


The ship residual resistance coefficient was the 
remainder of the model total resistance coefficient once the 
ship frictional resistance and allowance coefficients were 
subtracted from it. The residual resistance includes the 
wave making effects and the form drag. 





(127) 
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IV. DISCUSSION OF RESULTS 


A. METHOD RESULTS 

1. ITTC Single Length Analysis 

As previously explained, the ITTC single length 
analysis, provided in Appendix B, used the Lockheed Froude 
Numbers to set the model length. Figure 4.1 shows the test 
tank model drag divided into frictional and residual 
components. The frictional portion, steadily increases with 
velocity and the residual resistance is just the difference 
between the total and frictional resistances. The 
frictional resistance was Reynolds scaled to predict the 
ship quantity. Since the ITTC method follows the classical 
Froude resistance procedure, the residual resistance was not 
divided into form and wave making components. The entire 
residual element was Froude scaled to estimate the ship 
residual component. Figure 4.2 shows the result of 
combining the ship frictional and ship residual resistances. 

For both the model and ship calculations the major 
component of the total was the residual resistance. This 
suggested a need to more closely examine the Froude scaled 
resistances of the SLICE. 

The most noticeable characteristic of Figures 4.1 and 
4.2 are the two humps. These humps can be related to 
similar findings with SWATH hulls. Plots of residual 
resistance coefficients versus Froude Number of SWATH 
vessels exhibit prismatic humps followed by primary humps 
(Kennell, 1992). Figure 4.3 shows such a plot for a SWATH 
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vessel and Figures 4.4 and 4.5 show similar plots for the 
SLICE model and ship. Whereas the prismatic hump for a 
SWATH vessel is generally found near a Froude Niiinber of 0.3, 
the prismatic hump for the SLICE is shifted left to a Froude 
Number of 0.23. Similarly, the primary hump of a SWATH is 
found near a Froude Number of 0.5 while the hump appears at 
0.31 for the SLICE. These figures show that the residual 
resistance is the major component of the total in mid-range 
speeds. 


2. ITTC Sectionallzed Hull Analysis 

The ITTC sectional!zed hull analysis is provided in 
Appendix B. By sectioning the hull, the portion of the test 
tank model drag associated with friction was increased. 

Thus, a larger part of the total resistance was dependent on 
the Reynolds Number and a smaller part was dependent on the 
Froude Number. Although an equivalent Froude Number based 
on the equivalent length could be found, the Froude Number 
used was the same as in the single length calculations. As 
Figure 4.6 shows, at high speeds the model's frictional 
percentage was greater than the residual percentage. In the 
previous analysis, the residual resistance percentage was 
always greater than the frictional quantity. The result of 
altering the relative Reynolds and Froude Number dependence 
in this way was a decrease in predicted ship total 
resistance, most noticeably at higher speeds. 

Although the model's frictional resistance was greater 
than the residual portion at high speeds. Figure 4.7 shows 
the same was not true for the ship. This occurs because 
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when predicting ship quantities, the Froude scaled 
resistances increase more than the Reynolds scaled ones. 

Figures 4.8 and 4.9 show that the prismatic and primary 
humps are located at the same Froude Numbers as in the 
previous analysis and there is no sign of an additional hump 
at higher Froude Numbers. The model friction-residual 
switch which was shown in Figure 4.6 appears in Figure 4.8 
at the corresponding Froude Number. As in Figure 4.7, 

Figure 4.9 shows that there is not a switch once the 
quantities have been expanded to the ship. As before, the 
residual resistance coefficient continues to taper off after 
the primary hump. And, as in the first case, the residual 
was the primary source of resistance throughout the speed 
range of the ship. 

3. Hughes Sectionalized Hull Analysis 

It was decided to more closely examine the Froude 
scaled resistances of the SLICE hull. Trying a different 
approach, the Hughes method was chosen because it further 
breaks down the residual resistance into form and wave 
making components. From previous discussion, it was shown 
that the form drag could be Reynolds scaled and the wave 
making Froude scaled. The Hughes sectionalizeded hull 
analysis is provided in Appendix B. 

Integral to the Hughes method is the idea that at low 
Froude Numbers, the wave making resistance is negligible. 

In fact, this idea was used to find the form factor. 

Figures 4.10 and 4.11 show the frictional and residual 
breakdown for this approach. In order to compare this 
analysis with the ITTC methods, it was necessary to show the 
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resistance division as a function of the Reynolds and Froude 
Numbers. Figures 4.12 and 4.13 show the dramatic shift in 
relative Froude and Reynolds Number dependencies of the 
Hughes approach. Very apparent is that at high speeds the 
total drag is almost entirely due to Reynolds dependent 
resistances whereas for the ITTC cases, the Froude scaled 
component was dominant. 

Figures 4.14 through 4.17 show the plots of resistance 
coefficients vs. Froude Number for this method. As in the 
ITTC analyses, once the Froude Number is greater than 0.3, 
the residual and total coefficients taper off and there is 
no sign of another hump or increase. 

Figures 4.18 and 4.19 show the model division and ship 
predicted composition of the residual resistance. From the 
above investigation, an important concept of the procedure 
was revealed. This method predicts very little wave making 
resistance at high speeds for the SLICE hull. Note that the 
Froude scaled resistance equals the wave making resistance. 
The residual resistance of the sectionalized Hughes analysis 
is almost entirely from the form drag. A video of the model 
in the test tank supports the concept of small wave 
generation at high speeds. 

4. Modified Hughes Sectionalized Hull Analysis 

Recall that for Froude's hypothesis and the ITTC 
scaling procedure, the form drag component was Froude 
scaled, i.e., constant for each Froude Number. But, in the 
Hughes analysis, all of the form drag was Reynolds scaled. 
Since it played such an important role in the Hughes method, 
a further subdivision of the form drag was undertaken such 
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that the pod portion was Reynolds scaled and the strut 
portion was Froude scaled. The modified Hughes 
sectionalized hull analysis is provided in Appendix B. 

Figures 4.20 through 4.23 show the frictional and 
residual breakdown for the hybrid procedure. In order to 
compare this analysis with the ITTC methods, the resistance 
was divided into parts which were functions of the Reynolds 
and Froude Numbers. Figures 4.24 through 4.27 show that 
this alteration only slightly shifts the relative Reynolds 
and Froude Number dependencies back toward the ITTC ratios. 
Figures 4.28 and 4.29 can be compared to Figures 4.18 and 
4.19 of the Hughes method for the purpose of showing the 
results of varying the residual resistance dependency. 

Because of the shift toward Froude scaling, the 
predicted ship total resistance for this method was slightly 
higher than the sectionalized Hughes method. It was still 
considerably lower than both the ITTC analyses. 

B. COMPARISON OF METHOD RESULTS 

1. Frictional Resistance Comparison 

Figure 4.30 compares the model frictional resistance 
components of the various methods. The single length 
method's percentage of the model total resistance was less 
than the sectioned hull methods. The Hughes and modified 
Hughes methods used the same frictional resistance values. 
Figure 4.30 also includes the Lockheed skin friction which 
was greater than classical ITTC and Hughes assessments. By 
definition, the Hughes equation yields lower frictional 
resistance coefficients than the ITTC equation and the two 
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sectioned hull resistance curves of Figure 4.30 show that. 
Figure 4.31 shows the ship frictional resistances and the 
Lockheed ship skin friction. Because they were all Reynolds 
scaled, the ship frictional resistance curves follow the 
same trend as the model curves. 

2. Residual Resistance Comparison 

Figure 4.32 compares the model residual resistances for 
the various procedures. Also plotted was the Lockheed 
residual which taken as equal to the Lockheed sum minus the 
Lockheed skin friction. The single length method gave a 
larger percentage of the total to the residual resistance 
compared to the sectioned hull approaches. Note that the 
Hughes and modified Hughes methods have the same model 
residual resistances. 

Figure 4.33 shows the predicted ship residual 
resistances for the procedures. The residual resistance was 
Froude scaled in the ITTC methods but was Reynolds scaled in 
the Hughes method. The modified Hughes method combined both 
Reynolds and Froude scaling to predict the ship residual 
resistance. The figure shows that Froude scaling resulted 
in higher predicted ship quantities when compared to 
equivalent Reynolds scaling. Since the modified Hughes 
method was a combination of the two scaling procedures, the 
predicted values fell in between the ITTC and Hughes 
estimates. 

Figure 4.34 compares the division of the model residual 
resistance for the Hughes and modified Hughes methods. Both 
methods started with the same model total residual 
resistance and had the essentially the same wave making and 
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form drag components. Because the form factors were only 
taken to two decimal points, slight differences on the order 
of less than a pound do exist between the two method's 
component values. Since the model figure is only a synopsis 
of the data. Figure 4.34 only shows one curve for each of 
these resistance constituents. The modified Hughes method 
division of strut and pod form drags were also plotted. 

Figure 4.35 shows the division of the predicted ship 
residual resistances for the Hughes and modified Hughes 
methods. The figure shows that the modified Hughes method 
predicted higher overall ship residual resistances. The 
ship wave making resistances for both methods was the same 
since it was Froude scaled in both instances. Although not 
explicitly calculated, the predicted ship pod drag of the 
Hughes method matched the modified Hughes value since it was 
Reynolds scaled in both methods. Therefore, the source of 
the increased predicted ship residual resistance was the 
strut form drag. It was identified that Froude scaling 
resulted in higher predicted ship values when compared to 
Reynolds scaling. Since the strut form drag was Froude 
scaled in the modified Hughes Method, its value was greater 
than the Hughes method Reynolds scaled counterpart. 

From this investigation, one can see that for the 
modified Hughes method, any variation of the wetted surface 
area division would result in a ship residual resistance 
somewhere between the higher ITTC sectioned hull estimate 
and the lower Hughes sectioned hull estimate. In other 
words, if the residual resistance has any combination of 
Reynolds and Froude scaling, the resulting quantity will lie 
in between the Froude scaled ITTC method and the Reynolds 
scaled Hughes method. 
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3. Reynolds Scaled Resistances 

Figure 4.36 compares the Reynolds scaled portion of the 
model resistance for each method and also includes the 
Lockheed skin friction for the model. The Reynolds 
resistance equaled the frictional resistance for both the 
ITTC methods. The Reynolds resistance of the Hughes method 
included both the frictional and form drag components. The 
Reynolds scaled resistance of the modified Hughes method was 
comprised of the frictional resistance and the pod portion 
of the form drag since the strut drag was Froude scaled. 

Figure 4.37 shows the result of Reynolds scaling the 
model resistances of Figure 4.36. The relative order of the 
ship curves remained the sarr.e. In the residual resistance 
discussion it was shown that Reynolds scaling predicts lower 
ship quantities when compared to Froude scaling. It will be 
shown that the methods which Reynolds scaled larger 
percentages of the model's total resistance predicted lower 
ship total resistances. 

4. Froude Scaled Resistances 

Figure 4.38 compares the Froude scaled portion of the 
model resistance for each method. The figure also includes 
the Lockheed residual which was taken as the Lockheed sum 
minus the Lockheed skin friction. The Froude resistance 
equaled the residual resistance for both the ITTC methods. 
The Froude resistance of the Hughes method was the wave 
making component only and the Froude scaled resistance of 
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the modified Hughes method included both the wave making and 
strut portion of the form drag. 

Figure 4.39 shows the result of Froude scaling the 
model resistances of Figure 4.38. The relative order 
remained the same. It will be shown that assigning larger 
percentages of the model's total resistance to Froude 
scaling results in higher ship total resistances since 
Froude scaling predicts higher ship quantities compared to 
Reynolds scaling. 

The Lockheed residuals were provided in Figures 4.38 
and 4.39 for comparative purposes only. It was not within 
the scope of this thesis to evaluate Lockheed's analysis. 

It is sufficient to note that the Lockheed evaluation of 
residual resistance varied from this thesis procedure as 
evidenced by the difference in model and ship curve shapes 
for the Lockheed residual resistance. 

5. Total Resistance Comparison 

All methods started with the same model total 
resistance. Figure 4.40 compares the predicted ship 
resistances from each method and Table 1 ranks the ship 
totals, the frictional and residual divisions of the model 
and ship. The Lockheed sum, also plotted in Figure 4.40, 
was less than all analyses covered in the thesis. 

The Reynolds and Froude scaled resistance comparison 
provided the best insight into the analyses of the thesis. 
Previously, it was stated that Froude scaling a resistance 
resulted in higher ship values compared to Reynolds scaling. 
Since the ITTC methods Froude scaled all residual 
resistances, the ITTC methods predicted the highest ship 


55 



total resistances. The Hughes method Reynolds scaled all 
its residual resistance and therefore predicted the lowest 
total resistance. The modified Hughes method fell between 
the ITTC and Hughes method because it applied both Reynolds 
and Froude scaling to portions of its residual resistance. 
The sectioned hull procedure provided lower ship total 
resistances compared to the single length procedure. Table 
2 summarizes the Reynolds and Froude Number scaling results 


Rank of Quantities 

(highest=l, lowest=5) 

Model 

Rp 

Model 

Rr 

Ship 

Rp 

Ship 

Rr 

Ship 

Rt 

ITTC Single Length 

5 

1 

5 

1 

1 

ITTC Sectioned Hull 

2 

4 

2 

2 

2 

Hughes Sectioned Hull 

3 

2 

3 

4 

4 

Modified Hughes 

3 

2 

3 

3 

3 

Lockheed 

1 

5 

1 

5 

5 


Table 1. Comparison of method derived frictional, residual 
and total resistances. 


Rank of Quantities 

Model Model 

Ship Ship 

Ship 

(highest=l, lowest=4) 

Rrh Rpn 

Rrh Rpn 

Rt 

ITTC Single Length 

4 1 

4 1 

1 

ITTC Sectioned Hull 

3 2 

3 2 

2 

Hughes Sectioned Hull 

1 4 

1 4 

4 

Modified Hughes 

2 3 

2 3 

3 


Table 2. Comparison of Reynolds and Froude scaled 
resistance components. 
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PROPULSION 


C. 

The ship horsepower or SHP defines whether the ship 
will meet the desired speed of thirty knots. There are 
three engines under consideration for the SLICE. The 
Lycoming TF 40 is the highest rated at 3994 horsepower for 
continuous operation. With two engines installed and 
accounting for losses, the delivery of 6850 total installed 
horsepower is estimated for sustained operation (Lockheed, 
1994) . 

Figure 4.41 shows the predicted SHP versus ship speed 
and Figure 4.42 shows a close-up of thirty knots. The 
following observations can be made concerning the desire to 
cruise at thirty knots. At thirty knots, only the ITTC 
single length approach estimates a larger horsepower 
requirement than what the proposed engines can deliver. All 
other methods suggest that the planned engineering 
configuration will propel the ship at speeds of greater than 
thirty knots for sustained operations. 

The effective horsepower, EHP, is a means by which a 
propulsion plant's efficiency can be labeled. It is found 
by relating the ship total resistance . in pounds force, 
and the ship velocity V,, in feet per second. The 550 in 
the denominator converts the value to horsepower. 


(128) 


The SHP is found by dividing the effective horsepower 
EHP by some propulsive coefficient, PC, here equal to 0.73 
(Lockheed, 1994). 


57 









Figure 4.2. ITTC ship resistances versus ship velocity for 
a single length analysis of the SLICE hull. 



Figure 4.3. Residuary resistance coefficients versus Froude 
Number (Kennell, 1992) . 
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Figure 4.4. ITTC model resistance 
Froude Number for a single length analysis of the SLICE 
hull. 





Figure 4.5. ITTC ship resistance coefficients versus Fro 
Number for a single length analysis of the SLICE hull. 
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Figure 4.6. ITTC model re.sistances versus model velocity 
for the sectionalized SLICE hull. 





Figure 4.7. ITTC ship resistances versus ship velocity for 
the sectionalized SLICE hull. 
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Figure 4.10. Hughes model resistances versus model velocity 
for the sectionalized SLICE hull. 





Figure 4.11. Hughes ship resistances versus ship velocity 
for the sectionalized SLICE hull. 
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Figure 4.12. Hughes model resistances as functions 
Reynolds and Froude Numbers versus model velocity fc 
sectionalized SLICE hull. 





Figure 4.13. Hughes ship resistances as functions 
Reynolds and Froude Numbers versus ship velocity fo 2 


;ionalized SLICE hull. 






Figure 4.14. Hughes model resistance coefficients versus 
Froude Number for the sectionalized SLICE hull. 



Figure 4.15. Hughes ship resistance coefficients versus 
Froude Number for the sectionalized SLICE hull. 
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Figure 4.16. Hughes model resistance coeffi 
iunctions of Reynolds and Froude Numbers ver 
Number for the sectionalized SLICE hu 



Figure 4.17. Hughes ship resistance coeffi 
functions of Reynolds and Froude Numbers vei 


Number f( 


the sectionalized SLICE hi 







Figure 4.18. Hughes model residual resistances versus model 
velocity for the sectionalized SLICE hull. 



Figure 4.19. Hughes 
velocity for 


ship residual resistances versus ship 
the sectionalized SLICE hull. 
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Figure 4.22. Modified Hughes model resistance coefficients 
versus Froude Number for the sectionalized SLICE hull. 
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Figure 4.26. Modified Hughes model resistance coefficients 
as functions of Reynolds and Froude Numbers versus Froude 
Number for the sectionalized SLICE hull. 



as functions of Reynolds and Froude Numbers versus Froude 
Number for the sectionalized SLICE hull. 
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Figure 4.30. Comparison of model frictional resistances. 
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Figure 4.34. Comparison of the model residual resistance 
division for the Hughes and modified Hughes methods. 
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Figure 4.35. Comparison of ship residual resistance 
division for the Hughes and modified Hughes methods. 





Figure 4.36. Comparison of the Reynolds scaled portion of 
the model resistance. 
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Figure 4.38. Comparison of the Froude scaled portion of the 
model resistance. 
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Figure 4.39. Comparison of the ship Froude scaled 
resistances. 
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Figure 4.40. 


Comparison of the ship total resistances. 
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Figure 4.42. Close-up of the SHP curves near 30 knots. 
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V. 


CONCLUSIONS AND RECOUHENDATIONS 


A. CONCLUSION 

The wetted surface area of the SLICE hull form is 
radically different from a full displacement monohull and 
also varies significantly from the SWATH hull. Because of 
this, standard procedures for predicting ship resistances 
from model test tank data cannot be used. 

The thesis decomposed the total resistance into pod and 
strut components and further divided these into frictional, 
form and wave making components. Additionally, the 
resistances were categorized as functions of the Reynolds 
and Froude Numbers. The Hughes method provided the means by 
which the residual resistance was divided into form and wave 
making components. Ship scaling processes do not usually 
decompose the form drag, but in the case of the SLICE, two 
factors lead to a further investigation of the form drag. 
First, the model had a large form factor which meant that 
the form drag was almost equal to the frictional resistance. 
Second, the geometry of the wetted surface area provided a 
natural separation of the hull for unattached strut and pod 
analysis. 

A large difference between the ITTC and Hughes 
predictions existed so a modified Hughes method was 
developed which combined ideas from both processes. In 
particular, the pod form drag was Reynolds scaled according 
to the Hughes and the strut form drag was Froude scaled as 
in the ITTC method. The hybrid procedure examination 
results fell in between the ITTC and Hughes estimates. 
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Concerning the design criterion that the ship go at 
least thirty knots, only the classical ITTC single length 
determined that the ship required more power. But, as 
previously stated, the ITTC single length resistance was 
concluded to be an overestimate. Assuming the propulsive 
coefficient does not vary much from the designer's value of 
0.73, the Hughes and the modified Hughes method predict that 
thirty knots is achievable. 

B. RECOMMENDATIONS FOR FURTHER RESEARCH 

Follow-on research should include further investigation 
of the breakup of the form drag. In particular, a 
computational fluid dynamic study of the struts and pods as 
separate entities could be done to validate the modified 
Hughes method. This analysis might lead to a different 
division of Reynolds and Froude scaled quantities. 

It would be beneficial to include the stabilizers and 
canards in resistance calculations. This was not done here 
because the dimensions of these were not known since they 
were not on the ship drawings. These components would most 
likely be Reynolds scaled since they are similar to flat 
plates. Additionally, the effect of varying the angles of 
the stabilizers and canards could be studied via 
computational fluid dynamics. 



APPENDIX A. WETTED SURFACE AREA CALCULATION 


The wetted surface area of the SLICE hull was 
calculated from the ship drawings (Lockheed, 1994). The 
waterline was 14 feet. Tables 3 through 10 show the 
calculations used to determine the surfaces of the submerged 
hull shown in Figures 3.1 through 3.4. Where separate 
calculated surface areas overlapped, appropriate area values 
were subtracted form the total. 



Surface Area 0n< 





















































Table 7. Calculation of Wetted Surface Area Five. 
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APPENDIX B. RESISTANCE CALCULATIONS 


A. ITTC SINGLE LENGTH METHOD 

This Table shows the spreadsheet analysis for the ITTC 
single length method. 
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Hughes resistance calculations for a 
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sectionalized hull analysis of the SLICE. 
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sectionalized hull analysis of the SLICE. 
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MODIFIED HUGHES METHOD 
















Table 14. Modified Hughes resistance calculations for a 
sectionalized hull analysis of the SLICE. 
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Table 14. Modified Hughes resistance calculations for a 
sectionalized hull analysis of the SLICE. 
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